• Collagen 4 binds to the VWF A1 domain, and this binding is reduced or abrogated by select VWF A1 domain sequence variations.
Introduction
Von Willebrand factor (VWF) plays several key roles in coagulation. It binds factor VIII (FVIII) via the D9 and D3 domains, stabilizing FVIII in circulation, 1 and links platelets to exposed vascular collagens via binding sited for platelets in the VWF A1 and C1 domains 2 and binding sites for collagen in the A1 and A3 domains. 3 Defects in the ability of VWF to bind collagen have been reported to result in von Willebrand disease (VWD). To date, most reported VWF sequence variations affect the ability of VWF to bind type I (collagen 1) or type III collagen (collagen 3), [4] [5] [6] although defects in binding to type VI collagen (collagen 6) have also been reported 7 and may actually occur at increased frequency compared with defects in collagen 3 binding.
The vascular endothelium also contains type IV collagen (abbreviated here as collagen 4 for clarity). Collagen 4 is a key component of the basement membrane. 8 Previous work has shown that collagen 4 can support platelet adhesion through a VWF-dependent mechanism. 9, 10 Defects in collagen 4 have been reported to be associated with intracranial hemorrhage and hemorrhagic stroke in humans. [11] [12] [13] A murine model with defective collagen 4 demonstrated a high rate of perinatal cerebral hemorrhage. 14 Because collagen 4 has been previously shown to bind VWF, 9 we hypothesized that defects in VWF binding to collagen 4 could result in bleeding. Current VWD testing examines VWF-platelet interactions routinely, albeit indirectly, through the ristocetin cofactor activity assay. 15 In some instances, VWF binding to collagens 1 and 3 is measured through collagen-binding assays, 16, 17 but no current testing would specifically evaluate the capacity of VWF to bind collagen 4. We report here on the characterization of the binding of VWF to collagen 4 in both healthy controls and in subjects with types 1, 2, and 3 VWD. Additional in vitro studies with recombinant VWF, murine expression studies, and examination of VWF-collagen 4 interactions under flow conditions were performed to further understand VWF binding to collagen 4.
Methods

Patient samples
Plasma samples were analyzed from subjects enrolled in the Zimmerman Program for the Molecular and Clinical Biology of VWD (Zimmerman Program). 18 The study was approved by the institutional review board at the site of enrollment and informed consent was obtained from all enrolled subjects. Subjects were classified based on the phenotypic diagnosis assigned after review of VWF laboratory and VWF gene sequencing results. VWF gene sequencing, including intron-exon boundaries, was performed as previously described. 19 Bleeding scores were calculated according to the ISTH Bleeding Assessment Tool.
3 (VWF:CB3) were performed by the reference laboratory (BloodCenter of Wisconsin Hemostasis Reference Laboratory, Milwaukee, WI) as previously described. 21 Blood group was determined by reverse blood typing.
18
Collagen 4 binding VWF binding to collagen 4 (VWF:CB4) was measured by coating maleic anhydride plates (Pierce) with 1 mg/mL human type 4 collagen (Southern Biotech, Birmingham, AL) diluted in phosphate-buffered saline (PBS, pH 7.4) and incubating overnight. Plates were blocked with 1% bovine serum albumin (BSA) in PBS. VWF samples were diluted in blocking buffer (PBS with 1% BSA) at pH 7.4, applied to the collagen 4-coated plate, and incubated at room temperature for 1 hour. A minimum of 2 dilutions were tested for each sample. Detection of bound VWF used a combination of 2 biotinylated anti-VWF monoclonal antibodies (AVW-1 and AVW-15, BloodCenter of Wisconsin), neither of which binds VWF via the A1 domain. Because there is no international standard for collagen 4, values were compared with a plasma standard assigned an arbitrary collagen 4 binding value of 100 U/dL (which is similar to the assigned collagen 3 binding value of 107). Reproducibility studies were performed by 3 technicians over 10 days. Confirmation of collagen binding to ELISA plates was performed using both monoclonal and polyclonal anti-collagen IV antibodies (Sigma-Aldrich/Merck, St. Louis, MO).
In vitro expression studies
Recombinant VWF constructs were generated using the QuikChange XL kit (Agilent, Santa Clara, CA) to introduce specific sequence variants into full-length wild-type (WT) human or murine A/J recombinant VWF as previously described. 6 DNA was expressed in HEK293T cells, and supernatants collected at 72 hours. Expression was quantified by VWF:Ag. 18 Multimer distribution was characterized by gel electrophoresis. 22 VWF:CB3 and VWF binding to collagen 6 (VWF:CB6) was measured as previously described. 21 VWF:CB4 was measured as described previously.
Scanning alanine mutagenesis
Amino acids 1387 through 1412 of the VWF A1 domain were individually mutated to alanine using the QuikChange XL kit as described here before to alter the sequence of full-length WT human VWF. For each residue, the WT codon was changed to GCC to replace the original amino acid with alanine in the expressed VWF protein. Each alanine mutant was expressed in HEK293T cells and characterized as described under "in vitro expression studies."
In vivo model using hydrodynamic tail-vein injection
A plasmid containing the full-length murine WT VWF gene with an enhanced murine transthyretin promoter for hydrodynamic delivery and subsequent liverbased expression was the kind gift of Drs. David Lillicrap and Luigi Naldini. Sitedirected mutagenesis was used as described previously to produce the 1399H mutant construct. Plasmid DNA (50 mg) was diluted in sterile PBS to a volume consistent with 10% of the mouse body weight. Bolus injections were performed in ,7 seconds via the tail vein of VWF-deficient mice. 23 Mice were between 15 and 25 weeks of age at the time of injection. Blood was collected from the inferior vena cava at 24 hours after tail-vein injection. Samples were collected into 3.2% citrate for use in VWF assays. Alternately, heparin and PPACK were used for anticoagulation of whole-blood samples for in vitro flow studies.
In vitro flow studies
Vena8Fluor1 biochips (Cellix, Dublin, UK) were coated overnight with 50 mg/mL of collagen 4 diluted in glacial acetic acid. Whole-blood samples obtained from the inferior vena cava of mice injected with either WT murine VWF DNA, 1399H murine VWF DNA, or from VWF-deficient mice not injected were analyzed and compared with results obtained from WT mice. Platelets were stained with 20 mg/mL quinacrine dihydrochloride (Calbiochem/ Millipore, Billerica, MA) for visualization. 24 A shear rate of 1111 s 21 was used to flow samples over the collagen-coated chip. 25 Images were analyzed at 180 seconds. Platelet adhesion was measured by counting the number of platelet aggregates per image (at 310 original magnification) by a blinded observer.
Statistics
Statistical analysis was performed using SAS (SAS Institute, Cary, NC). Because the data were not normally distributed, a nonparametric test (Wilcoxon signedrank test) was used to compare paired samples. Correction for multiple testing yielded an adjusted P value of .017 (.05/3). When laboratory assay values were below the lower limit of detection, a low value (half the limit of detection, based on an assumption of a uniform distribution of the points below the limit of detection) was assigned for calculation of ratios. For the VWF:RCo assay, results ,10 IU/dL were assigned a value of 5. For the VWF:CB3 assay, results ,1 IU/dL were assigned a value of 0.5. For the VWF:CB4 assay, results ,1.6 U/dL were assigned a value of 0.8. We also examined the data omitting these low values, and this did not affect the statistical significance of the results.
Results
VWF binding to collagen: Zimmerman Program healthy controls
A series of plasma samples from healthy human controls and subjects with varying types of VWD were examined to characterize collagen 4 binding in human subjects. Table 1 summarizes statistical values for the healthy controls and VWD subjects. Samples from 246 healthy control subjects were available for analysis. The median VWF:CB4/VWF:Ag ratio for the healthy controls was 0.94, and the median VWF:CB3/ VWF:Ag ratio was 1.06 (P , .001). Because this was a novel assay, confirmation of collagen 4 binding to ELISA plates was performed with anti-collagen 4 antibodies and demonstrated the presence of collagen 4. No binding occurred with antibodies against collagens 1 and 3. Reproducibility studies showed a mean value of 28 U/dL for a type 1 control with a standard deviation (SD) of 2.6. The coefficient of variation for the assay was ,10% for both a single sample run on multiple occasions and for a control sample run by 2 different users performing the assay over a period of 5 days. Healthy controls had collagen 4 binding comparable with collagen 3 binding, with the exception of 2 subjects (1% of the healthy controls) previously reported to be heterozygous for the p.R1399H sequence variation. This sequence variation has been previously reported in ;2% of a Caucasian population 26 and is associated with decreased collagen 6 binding. 7 In the current study, collagen-4 binding was reduced for all subjects with p.R1399H, despite a normal VWF:CB3/VWF:Ag ratio. The median VWF:RCo/VWF:Ag was 0.97, which was not significantly different from VWF:CB4/VWF:Ag ratio.
Because blood group is known to affect VWF:Ag levels, 27 we also examined VWF:CB4 by blood group. The lowest mean VWF:CB4 was seen in group O subjects (mean 96 U/dL vs 148 U/dL for all other blood groups, P , .001). This difference was attenuated when VWF: CB4/VWF:Ag ratios were examined (mean 0.92 for group O subjects vs 1.00 for all other blood groups, P 5 .03). Group O subjects comprised 48% of the sample, group A comprised 37%, group B comprised 13%, and group AB comprised 3%.
VWF binding to collagen: type 1 VWD subjects
For the type 1 VWD subjects, 299 had VWF:Ag or VWF:RCo below the defined lower limit of normal for each assay (#50 IU/dL for VWF:Ag or #54 IU/dL for VWF:RCo) and were included in this analysis. Many of these subjects likely represent "low VWF" and do not necessarily have VWD, but for potential consideration of collagen-binding defects, those with VWF:Ag .30 were not excluded. For the type 1 VWD subjects, the median VWF:CB4/VWF:Ag ratio was 0.88, significantly lower than that seen for the healthy controls (P , .001). The median VWF:RCo/VWF:Ag ratio was 0.97 (P , .001 compared with VWF:CB4/VWF:Ag) and the median VWF:CB3/VWF:Ag ratio was 1.13 (P , .001 compared with VWF:CB4/VWF:Ag). The decrease in collagen 4 binding suggests a specific defect in some subjects currently classified as type 1 VWD.
A total of 15 subjects had VWF:CB4/VWF:Ag ratios ,0.5. The median bleeding score for subjects with a decreased VWF:CB4/VWF:Ag ratio was 6 compared with a median bleeding score of 5 for the type 1 subjects without a collagen 4 binding defect (P 5 NS). Fifteen of 301 (5%) type 1 VWD subjects had a defect in collagen 4 binding. There were 4 subjects enrolled in the Zimmerman Program with type 1 VWD who had undetectable or nearly absent binding to collagen 4 and VWF:Ag .10 IU/dL. Three of these subjects demonstrated heterozygosity for p.R1399H (overall prevalence of 1.3% of type 1 subjects) and had a second sequence variation, either p.C2693Y or p.P812Rfs*31. One subject with undetectable collagen 4 binding had an isolated p.R1315C sequence variation; this variation was also seen in an additional subject with a VWF:CB4/VWF:Ag ratio of 0.4. The subject with p.R1315C had a normal multimer distribution, although this sequence variation has been reported to be associated with decreased high-molecular-weight multimers and type 2A VWD.
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Collagen 4 binding defects are summarized in Table 2 .
Data were also available on a cohort of subjects initially enrolled as type 1 VWD but whose enrollment laboratory data were within normal limits. Four of 118 (3%) subjects with a preexisting diagnosis of type 1 VWD but currently normal laboratory results had VWF:CB4/VWF:Ag ,0.5. One had a ratio of 0.31 and was heterozygous for the p.R1399H sequence variation. Two subjects (with ratios of 0.36 and 0.47) had no VWF sequence variations that were likely to be causative. The fourth subject did not have sufficient DNA for sequencing. Bleeding scores for 3 of the 4 subjects were $8 vs a median bleeding score of 5 for all subjects in this group with a previous diagnosis of type 1 VWD.
VWF binding to collagen: type 2 VWD subjects
For the type 2A and type 2B subjects, VWF:CB4/VWF:Ag ratios were decreased compared with both healthy controls and type 1 VWD subjects, as were VWF:CB3/VWF:Ag ratios (Table 3 ). This decrease in VWF:CB4/VWF:Ag ratio is consistent with expected decreases in collagen binding because of the loss of high-molecular-weight multimers in this cohort. 22, 29 Median VWF:CB4/VWF:Ag ratio for the type 2A subjects was 0.50, which was not significantly different from the VWF:CB3/VWF:Ag ratio (P 5 NS). VWF:RCo/VWF:Ag ratios were even lower for the type 2A subjects, with a median of 0.29 (P , .005 compared with VWF:CB4/VWF:Ag). For type 2B subjects, the median VWF:CB4/VWF:Ag ratio was 0.52, similar to the results seen for the type 2A group. The median VWF:RCo/VWF:Ag ratio was 0.47 (P 5 NS compared with VWF:CB4/VWF:Ag). Although the VWF:RCo/VWF:Ag ratio was significantly lower in type 2A VWD compared with type 2B VWD subjects (P , .02), no difference in VWF:CB4/VWF:Ag or VWF:CB3/VWF:Ag ratio was observed between these subtypes. A trend toward lower VWF:CB3/ VWF:Ag ratios was seen for both type 2A and type 2B subjects compared with VWF:CB4/VWF:Ag.
Collagen 4 binding in the type 2M cohort varied from normal to undetectable. All subjects by definition had reduced VWF:RCo/VWF: Ag ratios (median 0.45). The median VWF:CB3/VWF:Ag ratio was 1.08 (P , .001 compared with VWF:RCo/VWF:Ag). The median VWF:CB4/VWF:Ag ratio was 0.67 (P 5 NS compared with VWF: RCo/VWF:Ag and P , .001 compared with VWF:CB3/VWF:Ag). Abnormal VWF binding to collagen 4 with a VWF:CB4/VWF:Ag ratio ,0.5 was observed for VWF A1 domain variants p.S1358N, p.R1392_Q1402del, and p.Q1402P, and also in a subject heterozygous for p.I1425F and p.R1399H. Figure 1 shows the location of those variants that altered collagen 4 binding in the VWF A1 domain crystal structure (1AUQ).
30 Table 2 summarizes the VWF variants with defects in collagen 4 binding.
Bleeding scores for the type 2M subjects with a collagen 4 binding defect and a platelet-binding defect were increased compared with the type 2M subjects with only a platelet-binding defect or subjects with only a collagen 4 binding defect. The median bleeding score was 13 for those type 2M subjects with a defect in collagen 4 binding (n 5 4) compared with a median bleeding score of 6 for type 2M subjects without a defect in collagen 4 binding (n 5 11, P , .05). Subjects with an isolated collagen 4 binding defect had a median bleeding score of 6. IQR, interquartile range (25th-75th). Data are given in IU/dL with the exception of VWF:CB4, which was normalized to an international standard and is given in U/dL. For subjects with values below the lower limit of detection for each assay, an arbitrary value was assigned for calculation purposes (5 IU/dL for VWF:RCo ,10 IU/dL, 0.5 IU/dL for VWF:CB3 ,1 IU/dL, and 0.8 U/dL for VWF:CB4 ,1.6 U/dL). Type 2N subjects had normal VWF:CB4/VWF:Ag ratios (median 1.06, P 5 NS compared with healthy controls). Type 3 subjects had VWF:CB4 below the lower limit of detection for the assay, as expected, given the undetectable VWF:Ag in this patient group. Samples from type 3 VWD subjects receiving recent prophylaxis with VWFcontaining concentrates were excluded from this analysis.
VWF binding to collagen 4 in vitro
Direct binding of VWF to collagen 4 was observed for both plasmaderived and recombinant VWF when collagen 4 was coated on an amine-binding plate. Binding was reduced for plasma from type 2A and type 2B VWD subjects lacking high-molecular-weight multimers, and was absent for plasma from type 3 VWD subjects with undetectable multimer distribution (Figure 2A ). Several recombinant VWF variants also demonstrated markedly decreased binding to collagen 4. An 11-amino-acid deletion in the VWF A1 domain (p.R1392_Q1402del) 31 also abrogated binding to collagen 4 ( Figure 2B ), as did 2 single-nucleotide sequence variations (p.R1399H and p.Q1402P), both of which have been implicated in abnormal interactions with collagen 6. 32 Two sequence variations that alter VWF binding to collagen 3, p.S1731T and p.H1786D, did not affect VWF binding to collagen 4 ( Figure 2B ).
Given the apparent involvement of the VWF A1 domain on binding to collagen 4, additional VWF A1 domain variants were studied. Scanning alanine mutagenesis was performed with VWF A1 domain residues 1387 through 1412, to include the region where sequence variations affecting collagen 4 binding had previously been noted in either patient or recombinant VWF samples, as described previously. All residues studied had equivalent VWF:Ag, collagen 3 binding, and multimer distribution compared with WT rVWF (data not shown). Analysis of collagen 4 binding revealed a number of key VWF A1 domain residues ( Figure 3A ). These localized to 1 face of the VWF A1 domain crystal structure ( Figure 3B ).
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VWF-mediated platelet binding to collagen 4 under flow conditions
To investigate the relationship between VWF and collagen 4 under flow conditions, an in vitro flow model using the Venaflux system (Cellix) was used.
24,25 VWF-mediated platelet adhesion to collagen 4 was observed for a human healthy control sample (data not shown), and for WT mice, but no adhesion was observed in VWF-deficient mouse plasma ( Figure 4A ), suggesting that VWF is required for this interaction under flow conditions. The p.R1399H sequence variation was chosen as an example VWF with a collagen 4 binding defect and introduced into murine VWF by hydrodynamic tail-vein injection. This resulted in normal VWF expression ( Figure 4B ) but reduced static binding to collagen 4 ( Figure 4C ) and reduced platelet adhesion compared with control mice ( Figure 4D ). Although there was a decrease in highmolecular-weight multimers for both WT and p.1399H VWF, as has been seen previously with the hydrodynamic tail-vein injection model, there was no difference in multimer distribution between the two (data not shown), thus enabling comparison of collagen binding despite the multimer defect.
Discussion
The interaction of VWF with collagen is crucial for initiation of clot formation at sites of injury. The presence of multiple different intravascular collagens, however, complicates analysis of this interaction. IQR, interquartile range. Data are given in IU/dL with the exception of VWF:CB4, which was normalized to an international standard and is given in U/dL. For subjects with values below the lower limit of detection for each assay, an arbitrary value was assigned for calculation purposes (5 IU/dL for VWF:RCo ,10 IU/dL, 0.5 IU/dL for VWF:CB3 ,1 IU/dL, and 0.8 U/dL for VWF:CB4 ,1.6 U/dL). Initial workup of VWD rarely includes analysis of collagen binding and, when performed, such workups generally use collagen 1 or collagen 3, which are available in standardized commercial assays. We have previously shown that collagen 6 can bind VWF, and we now show that collagen 4 binds VWF as well. Collagens 4 and 6 appear to bind VWF via the VWF A1 domain, and binding is altered by some (but not all) VWF A1 domain sequence variations. Many of the sequence variations cluster on one side of the VWF A1 domain. The clinical data from Zimmerman Program subjects was confirmed by the in vitro data generated using recombinant VWF. The prevalence of sequence variations affecting collagen 4 binding was approximately 5% in type 1 subjects and 27% in type 2M subjects, for an overall combined prevalence in those groups of 6%. In the type 2M subjects, the mean bleeding score was higher in subjects with both a platelet-binding and a collagen-binding defect compared with subjects with only a platelet-binding defect. The p.R1399H sequence variation was found in ;1% of the subjects reported here, including both healthy controls and type 1 subjects.
The classification of those subjects with low VWF levels, initially diagnosed as type 1 VWD, who were also found to have a collagenbinding defect, is problematic. Although they have normal VWF:RCo/ VWF:Ag ratios, they do have a functional defect in VWF more consistent with a diagnosis of type 2M VWD. However, heterozygosity for p.R1399H alone was seen in healthy controls and most likely does not represent a hemorrhagic phenotype. In conjunction with a second mutation, or a null allele, p.R1399H may result in additional symptoms. Collagen-binding variants may be viewed as a risk factor for bleeding, and their presence could necessitate a change in treatment.
Classification of VWD variants is important because it may serve to guide treatment of affected patients. Therefore we favor classifying patients with normal multimer distribution as type 1 VWD if all VWF activity assays are commensurate with VWF:Ag, but as type 2M if there is a specific defect in activity, either reduced VWF:RCo/VWF:Ag or VWF:CB/VWF:Ag. Type 2M patients may respond to desmopressin but may also require use of VWF-containing concentrates. It is possible that some collagen-binding defects may have inadequate clinical response to desmopressin and require further therapy with VWFcontaining concentrates as well.
Variation in VWF levels and bleeding score was seen across subjects despite the presence of the same variant. This was true for p.R1399H, as discussed previously, but also for p.R1315C. Heterogeneity in both symptoms and laboratory findings has been demonstrated for other VWF variants. 33 The classification of p.R1315C is presently unclear; Ribba and colleagues reported on a series of patients with this variant who all lacked high-molecular-weight multimers and would thus be considered type 2A, but not all of the subjects in our study had multimer defects. 28 The presence of other modifying factors apart from either VWF levels or VWF genetics cannot be excluded and highlights the importance of individual consideration with regard to diagnosis and treatment. For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From Collagen 4 binding also relies on the presence of intact highmolecular-weight VWF multimers, with decreased collagen 4 binding seen in both type 2A and type 2B VWD subjects. However, in our studies, collagen 3 appears to be more sensitive to the loss of highmolecular-weight multimers, as evidenced by the data from type 2A VWD subjects, where VWF:CB4/VWF:Ag ratios were higher than VWF:CB3/VWF:Ag ratios. Therefore, it is unlikely that collagen 4 binding would be able to replace analysis of VWF multimer distribution. However, there are significant differences between collagen 3 and collagen 4, because they bind different VWF domains. Collagen 3 and collagen 1 each bind VWF via the A3 domain. Although an alternate binding site in the VWF A1 domain has been postulated, 34 our data under static conditions did not demonstrate the ability of an intact A1 domain to compensate for A3 domain variants in collagen 3 binding. Collagens 4 and 6, alternately, bind VWF exclusively via the A1 domain and do not appear to bind the VWF A3 domain. Although this interaction depends on the presence of high-molecular-weight multimers, sequence variations in the A3 domain or other VWF domains did not affect collagen 4 binding.
Binding of VWF to collagen 4 was demonstrated under both static and flow conditions. Collagen 4 is present in the basement lamina 8 and could conceivably be exposed after significant vessel injury. Defects in VWF that reduce or eliminate its ability to bind collagen 4 might therefore incur a risk of clinically significant bleeding. Such defects would potentially go undetected based on the current VWD diagnostic testing used at most centers, but it might explain bleeding in patients without a definitive diagnosis or in those who have mild deficiency of VWF but bleeding symptoms beyond that expected for their VWF level. Furthermore, defects in the VWF A1 domain that could affect collagen 4 or 6 binding are more common than defects in the VWF A3 domain (of which only 5 have been reported to date). [4] [5] [6] 35 Our work has demonstrated that the VWF A1 domain plays a critical role in binding to type 4 collagen. More work is required to elucidate the role of VWF in binding different vascular collagens at sites of injury, and the utility of collagen binding with different collagen types in VWD diagnosis. These data suggest that defects in the ability of VWF to bind collagen 4 exist in VWD and present an additional risk factor for bleeding in affected patients. 
